Abstract. The present study draws attention to the current state of knowledge of bivalve reef, an important but historically overlooked habitat type. Recent interest has led to the explicit recognition of this habitat type under the Convention on Wetlands of International Importance (the Ramsar Convention), an international treaty that has widespread governmental and scientific involvement. To assess the state of knowledge, the Information Sheet on Ramsar Wetlands (RIS) for marine and coastal Sites was searched for evidence that bivalve-reef habitat is present in the site. We then examined the quality of this information using alternative data sources. These were public databases of geolocated species records at three spatial scales, local and regional experts, and a general web search. It was found that of the 893 marine and coastal Ramsar Sites considered, the RIS for 16 Sites provided strong evidence of bivalve-reef habitat and 99 had confirmed presence of reef-forming bivalves, a strikingly high number, given that it is not yet compulsory to include bivalve reef in RISs. However, the alternative information sources identified bivalve reefs or reef-forming bivalves in 142 further Sites. No one information source provided comprehensive information, highlighting the overall poor state of knowledge of this habitat type.
Introduction
Bivalve reef is an ecologically and economically important habitat, but its significance is rarely recognised by the wider scientific community ). Bivalve reefs provide a wide array of ecosystem services, including provisioning, shoreline protection and cultural services. By filtering particles out of the water column and concentrating them in the surrounding sediments, bivalves can significantly influence nutrient cycling and simultaneously increase water clarity (Newell 2004; Ruesink et al. 2005) . In addition, the structured habitat formed by a reef can act as a nursery for other marine organisms, the shells provide a hard substrate for benthic organisms to attach, and the biodeposits resulting from filtration provide nutrients, thereby increasing local biodiversity (Prins et al. 1997; Borthagaray and Carranza 2007; Norling and Kautsky 2007) and fisheries productivity (Peterson et al. 2003) . Emergent or shallow reefs can also serve to protect shorelines from erosion (Scyphers et al. 2011) . Furthermore, sustainable harvesting of bivalves can provide food, building material and jewellery, which can be consumed locally or sold to provide an income (Coen et al. 2007) . Bivalve reefs can, therefore, be extremely valuable; the economic value of the full suite of ecosystem services derived from unharvested oyster reefs in North America was recently estimated to be as high as US$99 000 ha À1 year À1 , which is notably higher than estimates for other habitat types (e.g. US$60 400 for mangroves, Balmford et al. 2002 ; US$22 832 for estuaries, Costanza et al. 1997 ; US$14 785 for permanent wetlands, Sutton and Costanza 2002) .
Bivalve reef is a globally threatened habitat, with an estimated 85% loss of oyster reefs globally from historical abundance (Beck et al. 2011 ) and significant but unquantified losses of other reef-forming bivalves (e.g. Beck et al. 2009; Marencic and de Vlas 2009 ). This has primarily been driven by widespread and intensive harvesting of oysters and mussels for food, combined with pressure from coastal development, anoxia, sedimentation, disease, ocean acidification and non-native species (Gazeau et al. 2007; Carranza et al. 2009; Beck et al. 2011 Beck et al. , 2009 .
These well documented declines and concurrent loss in ecosystem services have led organisations, including The Nature Conservancy and NOAA, to seek to increase awareness of the ecological and socioeconomic impacts of the decline of bivalvereef habitats ). The recent formal recognition of bivalve reef as a distinct wetland habitat type within the Convention on Wetlands of International Importance, known as The Ramsar Convention, is considered an outstanding step towards the conservation and sustainable use of these habitats.
Under the Convention, contracting parties are obliged to maintain the ecological character of a site (Ramsar Convention 1971) , and to that end, an accurate description of the features of the site is critical to ensure appropriate conservation and management. Description of a site is achieved using the Information Sheet on Ramsar Wetlands (RIS), which includes a list of specific habitat types that could occur within the site. The designated authority is required to note the presence and extent of all wetland types listed. Since 2012, 'bivalve (shellfish) reef' has been included among this list (COP11, see http://www. ramsar.org/sites/default/files/documents/pdf/cop11/res/cop11-res08-e.pdf, accessed 10 February 2015). Prior to this amendment, the absence of bivalve reef from the list of habitat types may have contributed to overlooking this habitat type. Its inclusion will, therefore, encourage recognition of the presence of bivalve reef and so improve the conservation and management of those Sites. It also offers the opportunity to designate new Ramsar Sites on the basis of the presence of a representative, rare or unique example of this habitat type (Strategic Framework for the List 2009).
The guidelines provided for identifying and designating particular wetland types (COP11, Appendix E, pp. 91-111 of Resolution XI.8, Annex 2, see http://www.ramsar.org/sites/ default/files/documents/pdf/cop11/res/cop11-res08-e-anx2.pdf, accessed 10 February 2015) qualitatively discuss the ecosystem services expected to be provided by bivalve reefs and the importance of protecting both the reef and surrounding areas to maximise the benefits from this provision, but do not include a detailed definition of bivalve-reef habitat. Bearing in mind the need to be globally inclusive and, hence, encompass a range of species and reef characteristics, as well as previous relevant definitions (e.g. Baggett et al. 2014) , we propose the following definition:
Bivalve reef consists of large areas of biogenic habitat, dominated by living bivalves where the complex structure of hard shells supports a distinct community that is persistent through time.
Expanding on this general definition: 'large areas' typically consist of multiple patches, at least some of which are larger than 5 m 2 ; 'dominated' means at least 25% cover of live shell matter across that space -non-living shell (cultch) may further add to habitat structure and to continuity over time, but without new growth they are unlikely to persist; a 'distinct community' is one that supports species and interactions that are rare or absent in surrounding communities; and 'persistent through time' describes communities that are likely to remain over decadal timescales or longer.
The purpose of the present study was to investigate the current status of bivalve reef habitat in Ramsar Sites. To do so, we investigated the extent to which bivalve reef habitat is reported in the current generation of RIS, and to what extent other sources are able to supply these data.
Materials and methods
Identifying study sites Study sites were identified by searching the Ramsar Sites Information Service (RSIS; Ramsar and Wetlands International 2013) for sites categorised as 'marine and coastal wetlands' or that included any of the following wetland types (as defined in the RIS; COP11, Appendix B, pp. 83-85 of Resolution XI.8, Annex 2, see http://www.ramsar.org/sites/default/files/ documents/pdf/cop11/res/cop11-res08-e-anx2.pdf): (A) permanent shallow marine waters, in most cases less than 6 m deep at low tide (includes sea bays and straits); (B) marine subtidal aquatic beds (includes kelp beds, sea-grass beds, tropical marine meadows); (C) coral reefs; (D) rocky marine shores (includes rocky offshore islands, sea cliffs); (E) sand, shingle or pebble shores (includes sandbars, spits and sandy islets; includes dune systems and humid dune slacks); (F) estuarine waters (permanent water of estuaries and estuarine systems of deltas); (G) intertidal mud, sand or salt flats; (H) intertidal marshes (includes salt marshes, salt meadows, saltings, raised salt marshes; includes tidal brackish and freshwater marshes); (I) intertidal forested wetlands (includes mangrove swamps, nipah swamps and tidal freshwater swamp forests); (J) coastal brackish-saline lagoons (brackish to saline lagoons with at least one narrow connection to the sea); and (K) coastal freshwater lagoons (includes freshwater delta lagoons). Although some of these wetland types (particularly C, E and K) are unlikely to be suitable for bivalve reef, the wetland types recorded in the RIS cannot be considered a complete description of a Site and so Sites with only those wetland types recorded have been included. Furthermore, only 41 Sites (5%) contained exclusively those wetland types and removing them would not significantly alter our conclusions.
The RIS for each of these wetlands, where available, was then downloaded from the RSIS (or, for some UK Ramsar Sites, through the JNCC website; JNCC 2006). When multiple versions of RIS were available, the most recent was selected. The RISs were then sorted by language (they can be submitted in English, French or Spanish) and by document type (some were electronic originals; others were scanned copies of hard documents). A small number of documents were supplied in other languages -these were translated into English using Google Translate (see http://translate.google.co.uk, accessed 18 December 2013) then the English keyword list was applied.
Selection of keywords
A list of keywords was developed so as to efficiently capture evidence that bivalve reef is or could be present. The keywords include words related to the habitat (such as 'reef') and taxa known wholly or partly to comprise reef-forming species (e.g. Ostrea). The list was developed using a combination of the authors' experience and review of available literature and references therein). The keywords selected are listed in Table 1 . The taxa included in the list also formed the basis for searching the public databases, although not all taxa were available in the databases (see Table 1 ).
Ramsar Information Sheets
The electronic originals were searched for keywords by using the built-in search function in Adobe Reader X (Adobe Systems Incorporated, San Jose, CA, USA). When a keyword was found, the RIS was opened so as to read the context and check for other keywords within the same document. Some of the scanned RIS documents have had optical character recognition (OCR) performed, and so all were initially electronically searched in the same way, to rapidly locate documents that contained keywords. In addition, because the OCR process is not perfect and rarely successful at recognising handwriting, all scanned RISs were also reviewed manually for the same keywords.
Each Ramsar Site was classified into five categories (Table 2 ). Most Sites were assigned to one category; however, when relevant, a Site could be assigned to two (e.g. both 'has reef-forming bivalves' and 'has reef (of unknown origin)'). Wild populations of non-native species (such as Crassostrea gigas in parts of North America and Europe) were included. Artificial reefs of farmed bivalves were not included (see Table  S1 , available as Supplementary material to this paper).
Public databases
From the RIS results, it is impossible to know whether the lack of reported bivalve reef is a true absence or an omission error. To address this, public databases were used as an alternative source of data to compare with the RIS results. A tiered approach was adopted, using databases on national, international and global scales. Because of differences in the presentation of the data and availability of Ramsar information, the three were analysed using slightly different methods. However, all three methods were designed to provide the same output, namely, presence of reef-forming bivalves within Ramsar Sites. Only a subset of the taxa used as keywords were available in each database; these are listed in Table 1 .
The national-level database was the UK National Biodiversity Network (UK NBN) (NBN Trust 2013). The UK NBN collates data from a large number of local, regional and national biodiversity recording schemes within the UK. The UK was selected for several reasons. First, the UK NBN is a comprehensive publically available biogeographic database, ideally suited to this type of analysis -a resource that is unavailable in most countries. Second, the UK has a high number (68) of coastal Ramsar Sites, giving a good sample size. Third, all Sites have a GIS boundary shapefile available, so it can be accurately Has bivalve reef RIS contains a clear reference to bivalve reef, or describes the presence of bivalves, which meets our definition of bivalve reef. Has reef-forming bivalves Names of one of the taxa known to form reefs as being present in the Site (see Table 1 ), but no clear reference to the presence of reef or the local density of the species. Has reef of unknown origin Has a reference to 'reef' or 'biogenic reef' that could refer to bivalve-formed reef. Has bivalves of unknown species Mentions common names (e.g. 'oyster') or higher taxonomic names (e.g. Bivalvia) from which it is not possible to determine whether reef-forming species are present. No evidence of bivalve reef
The RIS contains none of the above. Sites for which no RIS was available are also included in this category.
determined whether or not species records occurred within the Ramsar Site. The UK NBN was searched for occurrence of keyword taxa recorded within the boundaries of Ramsar Sites. At the international level, the European Union (EU) was chosen because (1) it contains the UK, allowing comparison between national and international levels, (2) Europe has a high number of Ramsar Sites (324) and (3) countries within the EU are subject to a common biodiversity framework established under European legislation, specifically the Birds and Habitats Directives (The Council of the European Communities 1992; The European Parliament and The Council of the European Union 2009). Data for the EU were obtained from the European Nature Information System (EUNIS). EUNIS collates nationallevel reporting conducted as part of the Natura 2000 framework, which is a network of protected areas, consisting of special protection areas (SPAs) designated under the Birds Directive and special areas of conservation (SACs) designated under the Habitats Directive (Romão et al. 2012) . There is large overlap between Natura 2000 Sites and Ramsar Sites (DEFRA 2006). As such, for Ramsar Sites also included in the Natura 2000 network, data in EUNIS provide an independent source of information. The data were gathered by using the built-in query function to search for keyword taxa mentioned within the recorded information for all study sites included in EUNIS.
The global dataset used was the Oceanic Biogeographic Information System (OBIS) (OBIS 2013). OBIS, like the UK NBN, is a collation of local biodiversity recording schemes. Note that for the UK, the UK NBN is a more complete compilation, with only a subset of the data providers also contributing to OBIS. OBIS was searched for the presence of the keyword taxa within 5 km of the central point of each Ramsar Site. A distance of 5 km was chosen because that is the default value of precision recorded in OBIS when precision data are not supplied by the original data provider. Furthermore, for many Ramsar Sites, the boundary is not currently available as a GIS shapefile, so the central point was used so as to maximise inclusiveness.
McNemar's test (Everitt 1977 ) was used to determine whether the evidence provided in each data source differed significantly from the evidence in the RISs, and between the UK NBN and EUNIS. In all cases, it is assumed that there are no false positives, only false negatives. False negatives are likely to occur as a result of poor reporting or a lack of knowledge. Statistical testing was carried out in R (R Core Team 2014).
Expert knowledge
Local and regional experts were contacted by email and in person at the Mollusca 2014 conference. Experts contacted by email were known to the authors as shellfish conservation practitioners or researchers. The experts were asked to state, for any Ramsar Sites with which they were familiar, whether the site had bivalve-formed reef, which bivalves formed this reef, and which (if any) potentially reef-forming bivalves were present at the Site, although not currently forming a reef.
Internet search
The final method was an open internet search. The aim of this search was to quantify false negatives from the other methods combined. As such, 10% of Sites from each region for which none of the other methods had provided evidence for the presence of a bivalve reef or reef-forming bivalves were randomly selected for this analysis. Google Search was searched for 'site name' and 'site name mussel OR oyster OR reef' where site name was the full name of the Site as given on the RIS (Google Search, see http://www.google.co.uk, accessed 11 August 2014). For Sites in francophone and hispanophone countries, the French or Spanish words for mussel, oyster and reef were used in addition to the English (see Table 1 ). The first page of the results was reviewed in each case. All searches were carried out between 11 August 2014 and 15 August 2014.
Results

RIS analysis
In total, 893 coastal and marine Ramsar Sites were identified for the study, of which all except 16 had an RIS available. Almost half of the Sites were in Europe, whereas less than 5% were in Oceania. The remaining Sites were spread evenly between Africa, Asia, the Neotropics and North America (9-14% each; Table 3 , Fig. 1 ). Only 16 (2%) Sites had confirmed evidence of a bivalve reef, and 99 (11%) further Sites reported the presence of reef-forming bivalves, which suggests that a bivalve reef could be present (Table 3 , Fig. 1 ). Many of the Sites with bivalves of unknown species were recorded as 'oysters' or 'mussels' (see (98) 16 (2) 99 (11) 14 (2) 52 (6) 718 (80) Table S1), so there is a strong possibility that in many of these cases, the bivalves are in fact reef-forming species. Globally, OBIS also identified 107 (12%) of 893 Sites as having reef-forming bivalves, of which 95 Sites were not identified from the relevant RIS description. However, there were also 103 Sites where reef-forming bivalves were reported in the RISs but not in OBIS. Overall, the quality of evidence provided by OBIS is not significantly different from that provided by the RISs (McNemar's x 2 ¼ 0.33, d.f. ¼ 1, P . 0.05). A regional breakdown suggests that OBIS is more complete than RIS where biodiversity monitoring is good, namely, around Europe, and the UK in particular, whereas RIS is better in the rest of the world (Table S3 , available as Supplementary material to this paper).
Public databases
Experts
Globally, 21 experts provided data for 99 Sites, of which 46 (47%) were reported to have bivalve reef and for the other 53 (54%) the absence of bivalve reef was reported. In no cases did the experts report no bivalve reef when the RIS had indicated the presence of bivalve reef. For a small number of Sites (six), experts provided contradicting reports. In these cases, it was assumed that false negatives are more likely than false positives and so the Sites were counted as having bivalve reefs. A regional breakdown is given in Table S4 , available as Supplementary material to this paper.
Internet search A total of 88 Sites was selected for internet searches from the 601 Sites with no prior evidence of a bivalve reef or reef-forming bivalve species. The searches found five Sites (6%) with evidence for bivalve reef and a further five (6%) with evidence for reef-forming bivalve species. A regional breakdown is given in Table S5 , available as Supplementary material to this paper.
Discussion
The recent explicit recognition of bivalve-reef habitat within the wetland classification system of Ramsar Convention represents a significant acknowledgement of their ecological and conservation importance. Our efforts here have illustrated that our knowledge of the location and extent of bivalve reefs is, however, limited. This data gap represents a significant challenge for the conservation of bivalve reefs, and for efforts of Ramsar Contracting Parties to update RISs for relevant Sites. Using only RIS data would indicate that fewer than 2% of marine and coastal wetland Ramsar Sites have bivalve reefs, although a further 99 (11%) Sites had evidence of reef-forming bivalves. There was little evidence for a strong distinction between these two categories, with classification often depending on subtle details of the text.
Using alternative data sources (public databases, expert knowledge and general internet searches) demonstrated that the RIS documents frequently fail to report the presence of reefforming bivalves and bivalve reef, although this is unsurprising because they were not required to do so. We also demonstrated that current biogeographic databases also vary in the completeness of their data, with a particular paucity of data from developing countries. In these regions, the RISs represent an important source of data, being one of the few mechanisms to capture and record biodiversity data in a standardised and widely available manner.
Our results seek to inform the ongoing process to ensure the accurate description and management of bivalve reefs within existing Ramsar Sites, as well as to identify potentially qualifying reefs that may qualify for Ramsar designation. Importantly, we have highlighted that bivalve reefs are often incompletely included on RIS descriptions of existing Sites and are, therefore, worthy of particular attention when updating the RIS by using current information sources. Novel surveys may be necessary to establish the status or even the presence of these often-subtidal habitats. To aid the process, we have highlighted some Sites where a bivalve reef is particularly likely to be present (given the presence of reef-building species) and so surveys are more likely to be fruitful (see Table S1 ). We highlight the importance of engaging with expert and local knowledge as a data source. We, furthermore, highlight again the scarcity of biological data for many of the less economically developed regions of the world and suggest that funding should be allocated so as to fill these data gaps.
Given that the current RISs do not require bivalves or bivalve habitat to be declared, it is notable that bivalves were mentioned in almost 20% of the Sites. This may reflect the value of bivalves to local communities; many of the remarks noted were in the context of bivalves being gathered (see Table S1 ), and harvested molluscs are important sources of protein, income and cultural heritage in many parts of the world (e.g. Siegfried et al. 1994; Dalzell et al. 1996; Kyle et al. 1997; Jimenez et al. 2011) . Reefbuilding bivalves are, however, particularly susceptible to overexploitation because their removal also degrades the biogenic reef habitat to which they recruit. Although recognition of their sensitivity and the need for exploitation to be sustainable has led to the protection of bivalves and other molluscs in some places (e.g. Bertocci et al. 2012; Alexander and Gladstone 2013) , globally they remain at a significant risk (Beck et al. 2011) .
The high level of reporting of harvestable species is a sharp contrast to the much lower level of reporting about bivalve reef as a habitat. This difference is likely to reflect a lack of knowledge of reef presence and a lack of awareness of the wider ecosystem benefits provided by the reef. Despite this, the number of Sites reported to have reef-forming bivalves should still give cause for optimism; although not all Sites with these species will have bivalve reef, a significant number are likely to. Furthermore, even if reef is not currently present, the presence of reef-forming species suggests that, with appropriate management, it might be possible to encourage reef formation in that Site or engage in active habitat restoration and, hence, enhance the Site quality. Such observations are important when considering the conservation of reef-building bivalves, as remaining habitat is often highly degraded (zu Ermgassen et al. 2012) .
The lack of a single, globally comprehensive map of bivalvereef habitat is a concern for their conservation (Guisan and Thuiller 2005 , and references therein) and so effective reporting of its presence or absence in all Ramsar Sites around the world will be a major step towards resolving this issue. The present study used several different sources of information, and the necessity of this approach has been confirmed by the number of discrepancies among sources. Each method found a different, although overlapping, set of Sites to have reef-forming bivalves, demonstrating that none is complete. In the developed world, widespread biodiversity recording means that the RISs are a poor source of information relative to the various other biodiversity recording schemes; however, elsewhere, RISs are a much more significant contributor to biodiversity knowledge (Table S3) , possibly because they concentrate scarce technical resources in small areas. In developing countries, poor integration of national recording with international initiatives contribute to the lack of available data (A. Carranza, pers. obs.). The widespread engagement of countries, non-governmental organisations and scientists with the implementation of the Ramsar Convention underpins the value of the Convention to improve biodiversity recording on a global scale. Expert knowledge is also important in developing countries (Table S4) . Unlike the databases currently available, experts were often able to confirm the presence of bivalve reef itself, not just reef-forming species.
Whereas this work has focussed on reef-building bivalves, other bivalves can be important components of an ecosystem too, and therefore also deserve consideration and conservation. Infaunal bivalves, although not providing a structured habitat consistent with our proposed definition, can still strongly influence a diversity, water clarity and nutrient cycling (Smaal and Haas 1997; Coen et al. 2007) . Some species of epifaunal bivalve, such as Spondylus spp., do not occur in sufficient densities to be considered a reef, but still act as a substrate for many other organisms (Mackensen et al. 2012) . The presence of such bivalves not only dramatically increases the substrate surface area available to other organisms (Vicentuan-Cabaitan et al. 2014) , but can also provide a valuable hard substrate when the sea bed is soft mud or sand. We note that before anthropic influences, densities may have been sufficient to qualify as reef. Furthermore, there remain biogenic reef-building species that are yet to receive attention (e.g. Vermetidae, Galil 2013) and we encourage recognition of these species too.
As a concluding remark, we would like to reiterate that, despite the ecological and economic importance of bivalve reefs, this habitat remains largely overlooked. The recent explicit recognition of bivalve reefs in the habitat classification of the Ramsar Convention is an important step forward in their conservation and in increasing the profile of this valuable habitat. We have demonstrated that the current RISs, unsurprisingly, are a poor reflection of the true likely extent of bivalve reefs within existing Ramsar Sites. These data provide us with an important baseline for monitoring progress in the reporting of this newly listed habitat type within the RIS. Our analysis of alternative data sources furthermore provides insight into Sites that may be worthy of closer examination during the revision of the RIS, as well as providing perspective on the value of available data sources. The strength of local and expert knowledge in Site-specific analysis cannot be understated. By highlighting the data gaps and opportunities presented by the Ramsar COP11, we seek here to contribute further to the conservation and understanding of bivalve-reef habitats.
